Toll-like receptors (TLRs) are transmembrane pattern recognition receptors that are best known for their roles in innate immunity for the detection of and defense against microbial pathogens. However, TLRs also have roles in many nonimmune processes, most notably development. TLRs direct both immune and developmental programs by activation of downstream signaling pathways, often by activation of the NF-jB pathway. There are two primary TLR subtypes: 1) TLRs with multiple cysteine clusters in their ectodomain (mccTLRs) and 2) TLRs with a single cysteine cluster in their ectodomain (sccTLRs). For some time, it has been known that TLRs and the biological processes that they control are conserved in organisms from insects to mammals. However, genome and transcriptome sequencing has revealed that many basal metazoans also have TLRs and downstream NF-jB signaling components. In this review, we discuss what is known about the structure, biological function, and downstream signaling pathways of TLRs found in phyla from Porifera through Annelida. From these analyses, we hypothesize that mccTLRs emerged in the phylum Cnidaria, that sccTLRs evolved in the phylum Mollusca, and that TLRs have dual immune and developmental biological functions in organisms as ancient as cnidarians.
Introduction
The innate immune system relies on host cell receptors that detect both beneficial and pathogenic microorganisms by recognizing specific microbe-associated molecular patterns (MAMPs) or pathogen-associated molecular patterns (PAMPs), respectively, which include nucleic acids, proteins, lipids, and lipoproteins (Akira et al. 2006; Kawasaki and Kawai 2014; Brubaker et al. 2015) . These germline-encoded MAMP receptors include Toll-like-receptors (TLRs), C-type lectin receptors, RIG-I-like receptors, and NOD-like receptors that modulate pathogen detection and host-microbiome homeostasis (Brubaker et al. 2015; Thaiss et al. 2016) . Among these, TLRs are widely studied primary mediators of innate immunity in animals from insects to humans (Imler and Zheng 2004; Kawai and Akira 2007; Akira 2009; Lindsay and Wasserman 2014) .
Toll-like-receptors also have roles in numerous developmental processes across species. Indeed, Drosophila melanogaster Toll-1 was the first TLR discovered based on its role in embryonic dorsal-ventral polarity specification (Anderson et al. 1985; Hashimoto et al. 1988) . Toll-1 directs this early developmental program through activation of the transcription factor NF-jB signaling pathway, whereas the eight other Drosophila TLRs also activate NFjB, but do so for immune responses to fungi and Grampositive bacteria (Norris and Manley 1992; Belvin and Anderson 1996; Silverman and Maniatis 2001; Valanne et al. 2011; Lindsay and Wasserman 2014; Meyer et al. 2014) . There are ten TLRs in humans and 13 in mice, and these mammalian TLRs also control NF-jB-dependent innate immune signaling (Akira et al. 2006; Kawai and Akira 2007) and specific developmental processes (Barak et al. 2014; Heiman et al. 2014) .
Toll-like-receptor signaling pathways and their biological functions have been extensively studied and reviewed in flies and mammals (Akira 2009; Kawasaki and Kawai 2014; Lindsay and Wasserman 2014) ; however, genomic and transcriptomic sequencing of organisms from early branching phyla has uncovered prototypical TLRs, TLR-like proteins, and NF-jB pathway components in organisms that predate bilaterians Leulier and Lemaitre 2008; Akira 2009; Bosch et al. 2009; Augustin et al. 2010; Gilmore and Wolenski 2012; Kawasaki and Kawai 2014; Lindsay and Wasserman 2014; Rauta et al. 2014; Zhang et al. 2015; Brennan et al. 2017; Ren et al. 2017; Williams et al. 2018) . In this review, we discuss TLR structures, biological functions, and downstream NF-jB signaling pathways in phyla from Porifera through Annelida.
signaling, these adapter proteins can also facilitate TLRmediated activation of MAPK and IRF3 signaling (Vasselon and Detmers 2002; Akira et al. 2006; Kawai and Akira 2007; Kawasaki and Kawai 2014) .
Historically, prototypical TLRs have been classified according to the number of cysteine clusters in their ectodomains (Leulier and Lemaitre 2008) . Single cysteine cluster TLRs (sccTLRs) have one cluster of cysteines at the C-terminal end of the LRR (LRRCT), and sccTLRs include all mammalian TLRs and Drosophila Toll-9 ( fig. 1 ) (Leulier and Lemaitre 2008) . More recent studies have identified sccTLRs in organisms more ancestral than arthropods (Davidson et al. 2008; Zhang et al. 2015) . The second TLR subtype comprises multiple cysteine cluster TLRs (mccTLRs) that contain two LRRCTs and often a cluster of cysteines at the N-terminal end of one LRR (LRRNT) ( fig. 1 ) (Leulier and Lemaitre 2008) . The mccTLRs are found in protostomes such as Drosophila, Caenorhabditis elegans, and several organisms in more ancient phyla (Imler and Zheng 2004; Leulier and Lemaitre 2008; Shinzato et al. 2011; Zhang et al. 2015; Brennan et al. 2017) . Generally, LRRNTs and LRRCTs contain two or four cysteine residues that provide stability and solubility to the hydrophobic LRR (Kajava 1998; Enkhbayar et al. 2004; .
In the initial classification of TLR subtypes, mammalian sccTLRs were described as directly engaging PAMPs for the activation of innate immune signaling pathways, including NF-jB (Silverman and Maniatis 2001; Akira et al. 2006; Kawai and Akira 2007; Leulier and Lemaitre 2008) . In contrast, the best-characterized mccTLR, Drosophila Toll-1, does not directly bind MAMPs, but rather binds a cleaved form of the fly-encoded ligand Sp€ atzle to activate downstream TLRdependent responses (Silverman and Maniatis 2001; Leulier and Lemaitre 2008; Valanne et al. 2011; Lindsay and Wasserman 2014) . Based on Toll-1 in flies, one longstanding hypothesis has been that activation of mccTLRs by microbes occurs indirectly, relying on endogenous TLR ligands to promote downstream signal transduction (Leulier and Lemaitre 2008; Lindsay and Wasserman 2014) .
In mammals, following PAMP binding, TLRs generally activate NF-jB signaling by recruiting and binding the adapter protein MyD88 at the membrane. MyD88 then recruits IL-1R-associated kinases (IRAKs), which are phosphorylated and then engage TRAF (Tumor necrosis factor receptor associated factor) ubiquitin ligases. Activated TRAFs complex with a TGF-b-activated kinase (TAK) and a TAK1-binding protein (TAB) to phosphorylate the IjB kinase (IKK). This activated IKK then phosphorylates the NF-jB inhibitor IjB to promote its degradation, allowing for nuclear translocation of NF-jB to activate the transcription of innate immune effector genes ( fig. 2A ) (Gilmore and Wolenski 2012) .
LRR-and TIR Domain-Containing Proteins
Proteins containing LRRs are pervasive among prokaryotes and eukaryotes and are involved in numerous protein-protein interactions and biological processes (Dolan et al. 2007; . Humans have 375 LRR-containing proteins, many of which have uncharacterized functions . Approximately half of these human proteins contain only an LRR with no other discernable domains, whereas other LRR proteins contain transmembrane domains or signal peptides . In addition to TLRs and NOD receptors, LRRs are also found in secreted proteins, membrane-spanning proteins ( fig. 1) , and GPI-anchored proteins in C. elegans, D. melanogaster, and mammals (Milan et al. 2001; Dolan et al. 2007; .
Genes encoding proteins with TIR domains have been identified in the phyla Porifera and Cnidaria, however, many of these predicted TIR proteins lack an LRR ectodomain Bosch et al. 2009; Gauthier et al. 2010; Poole and Weis 2014; Baumgarten et al. 2015) . These TIR-only proteins contain primarily a TIR domain and, in some cases, a transmembrane domain ( fig. 1) (Bosch et al. 2009; Poole and Weis 2014) . Therefore, it is likely that these TIR-only proteins function in signal transduction pathways, but do not bind MAMPs/PAMPs. Interestingly, the mammalian TLR adapter proteins Mal and TRAM closely resemble the TIR-only proteins found in basal invertebrates: that is, Mal and TRAM have defined C-terminal TIR domains, as well as an N-terminal sequence that is required for membrane association Leulier and Lemaitre (2008) . The mccTLRs and sccTLRs share a prototypical structure with an extracellular ectodomain containing leucine-rich motifs, a transmembrane domain, and an intracellular Toll/IL-1 receptor (TIR) domain. The mccTLR ectodomains have two cysteine clusters at the C-terminus of the LRR (LRRCT), and often have an internal cysteine cluster at the N-terminus of the LRR (LRRNT). In contrast, sccTLR ectodomains have only one LRRCT domain. LRR-only proteins typically have a transmembrane domain and one LRRCT, but can also have a LRRNT (not shown). Toll/IL-1 receptor (TIR) domain-only proteins commonly have transmembrane domains, but no discernable extracellular domains.
Evolutionary Origins of Toll-like Receptor Signaling . doi:10.1093/molbev/msy050 (Ve et al. 2015) . Thus, mammalian TLR adapter proteins may have evolved from ancient TIR-domain only proteins.
Prototypical TLRs Are Not Found in Poriferans
The phylum Porifera is one of the earliest extant metazoan taxa and comprises sponges (Worheide et al. 2012) . Although complete genome information is limited among poriferans, no prototypical TLRs have been identified in any member of this phylum Hentschel et al. 2012) . One of the most widely studied poriferans at the molecular level is the demosponge Amphimedon queenslandica, which expresses two TIR domain-containing proteins with N-terminal IL-1R-like immunoglobulin (Ig) domains Srivastava et al. 2010; Hentschel et al. 2012) . Amphimedon queenslandica also has an LRR-containing protein that has Ig-and EGF (Epidermal Growth Factor)-like domains . The sponge Suberites domuncula expresses a TIR-only protein (Sd-TLR) that has a transmembrane domain, but lacks an LRR (Wiens et al. 2007) .
Despite the absence of prototypical TLRs in poriferans, A. queenslandica and S. domuncula have genes encoding several TLR-to-NF-jB pathway proteins including MyD88 and NF-jB homologs, suggesting that MyD88-dependent downstream signaling to NF-jB from TIR-only proteins occurs in poriferans ( fig. 2B) ; Gilmore and Wolenski 2012; Song et al. 2012) . Nevertheless, the biological roles and molecular details of downstream signaling pathways directed by TIR-only proteins in A. queenslandica have yet to be determined. Several TLR-to-NF-jB pathway proteins (IgTIR1, Tollip, Pellino, and NF-jB) are expressed in a tissue-specific manner in early A. queenslandica development, suggesting that this pathway functions in development (table 1) . In S. domuncula, Sd-TLR has been studied in the context of immunity (table 1) (Wiens et al. 2005; Wiens et al. 2007 ). The Sd-TLR is expressed in outer tissues and the canal filtration system, which is in constant contact with microbes (Wiens et al. 2007 ). Treatment of S. domuncula with a synthetic lipoprotein analog [Pam3Cys-Ser-(Lys)4] induces the expression of a caspase-like protease that is hypothesized to function in innate immune-activated apoptosis (Wiens et al. 2007 ). Furthermore, incubation of this synthetic lipoprotein with recombinant Sd-TLR prior to tissue exposure abolishes the increase in protease expression, suggesting that 1) Sd-TLR is capable of binding Pam3Cys-Ser-(Lys)4 and 2) Sd-TLR activates a pro-apoptotic pathway in response to microbial-like molecules (Wiens et al. 2007 ). However, it is unclear how Sd-TLR interacts with Pam3Cys-Ser-(Lys)4 given that Sd-TLR lacks an LRR which is required for PAMP binding in prototypical TLRs (Wiens et al. 2007 ). Additionally, S. domuncula likely has a MyD88-dependent signaling pathway that responds to microbes because LPS treatment of tissues induced both the expression of MyD88 and its direct interaction with an LPS-interacting protein (Wiens et al. 2005) . 
Cnidarian TLRs Vary in Structure and Abundance
The phylum Cnidaria consists of corals, sea anemones, hydroids, and jellyfish, and has attracted recent interest due to the negative effects of climate change and disease on cnidarian survival (Daly et al. 2007; Goldstone 2008; Vidal-Dupiol et al. 2011; Palmer and Traylor-Knowles 2012; Pinzon et al. 2015) . Studies aimed at understanding cnidarian immunity have identified prototypical TLRs and TLR-like genes in many of these organisms (table 1) (Daly et al. 2007; Miller et al. 2007; Bosch et al. 2009; Baumgarten et al. 2015) . Overall, the numbers and types of TLR-like proteins vary greatly among cnidarians. For example, the reef-building coral Acropora digitifera encodes three mccTLRs, one sccTLR with a short ectodomain, and 13 TIR-only proteins (Shinzato et al. 2011; Poole and Weis 2014) . Its close relative A. millepora encodes ten TIR domain-containing proteins, but only one mccTLR (Palmer and Traylor-Knowles 2012; Poole and Weis 2014) . In contrast, the sea anemone Nematostella vectensis and the stony coral Orbicella faveolata each encodes a single mccTLR, whereas TIR-only proteins have only been identified in O. faveolata Brennan et al. 2017; Williams et al. 2018 ). In general, there appears to be an expansion of TIR-only protein encoding genes in corals, which has been suggested to contribute to pathogen resistance and microbial symbiosis (Poole and Weis 2014) .
Phylogenetic analysis clusters the N. vectensis, O. faveolata, A. digitifera, and A. millepora TLRs into a cnidarian-specific clade and with mccTLRs from mollusks and nematodes ( fig. 3) . Even though the A. digitifera TLR2 is an sccTLR, it still clusters with cnidarian mccTLRs ( fig. 3) . Analysis of the A. digitifera TLR2 amino acid sequence reveals that it has a short ectodomain with only four leucine-rich repeat motifs. As such, we hypothesize that A. digitifera TLR2 resulted from the truncation of an mccTLR, which could explain its sequence similarity to mccTLRs in A. digitifera and A. millepora but not to sccTLRs in other phyla ( fig. 3 ).
The diversity of TLR structure within the phylum Cnidaria is further substantiated by proteins in Hydra and the sea anemone Exaiptasia pallida, neither of which contains a prototypical TLR (Bosch et al. 2009; Poole and Weis 2014) . Rather, Hydra has two LRR domain-containing proteins, HyLRR-1 and HyLRR-2, and two transmembrane TIR-only proteins (Bosch et al. 2009 ). Evolutionary Origins of Toll-like Receptor Signaling . doi:10.1093/molbev/msy050
The Hydra LRR proteins are structurally different from the ectodomains found in prototypical TLRs because the Hydra LRR proteins contain non-TLR moieties such as EGF domains or coiled-coiled motifs (Bosch et al. 2009; Augustin et al. 2010) . In E. pallida, sequences encoding two TIR domain-only proteins have been identified, however, these sequences are overlapping and may encode the same protein (Poole and Weis 2014; Baumgarten et al. 2015) . In contrast to Hydra, LRR-only proteins have not been identified in E. pallida (Poole and Weis 2014; Baumgarten et al. 2015) . Given that prototypical TLRs are not found in phyla more ancestral than Cnidaria and that some, but not all, cnidarians have TLRs, we hypothesize that prototypical TLRs originated within this phylum.
Cnidarian TLRs: Evidence for Directing Immunity and Development
Although the phylum Cnidaria diverged from bilateria over 500 MYA, nearly complete innate immune signaling pathways are present in most cnidarians ). Homologs to the TLR-to-NF-jB pathway are present in N. vectensis, A. digitifera, Hydra, O. faveolata, and E. pallida; however, these pathways appear to lack the IKK scaffold NEMO and independent IjB homologs have not been found in O. faveolata or E. pallida ( fig. 2B ) (Bosch et al. 2009; Gilmore and Wolenski 2012; Baumgarten et al. 2015; Brennan et al. 2017; Mansfield et al. 2017; Williams et al. 2018) . Several studies have suggested that cnidarian TLRs and TLR-like proteins are upstream activators of microbialresponsive NF-jB pathways (Bosch et al. 2009; Brennan et al. 2017; Williams et al. 2018) . For example, LPS treatment of O. faveolata tissue induces the expression of several NF-jB pathway genes, and the O. faveolata mccTLR (Of-TLR) and the N. vectensis mccTLR (Nv-TLR) can both interact with the human TLR adapter MYD88 (Brennan et al. 2017; Williams et al. 2018) . Furthermore, Nv-TLR can induce NF-jB signaling in human cells when Nv-TLR-expressing cells are exposed to a heat-inactivated preparation of the pathogenic coral bacterium Vibrio coralliilyticus or to Salmonella typhimurium flagellin (Brennan et al. 2017 ). These results suggest that Nv-TLR directly detects PAMPs, a result that opposes convention that PAMP-activated endogenous ligands activate mccTLRs (Leulier and Lemaitre 2008; Brennan et al. 2017) .
Tissue-specific transcriptome analysis revealed that the N. vectensis TLR-to-NF-jB pathway components are expressed in a motile multicellular structure called the nematosome (Brennan et al. 2017) . Nematosomes are composed of phagocytic cells that are capable of engulfing V. coralliilyticus and phylum-specific cells (cnidocytes) known for their role in defense processes (Wolenski et al. 2013; Babonis et al. 2016; Brennan et al. 2017) . Thus, it has been suggested that nematosomes play a role in anemone immunity by activation of TLR-to-NF-jB signaling in response to pathogens (Babonis et al. 2016; Brennan et al. 2017) .
Similar to what has been shown for Nv-TLR, flagellin (from S. typhimurium) can stimulate a composite protein containing the Hydra HyLRR-2 fused to a human TIR domain to activate NF-jB signaling in human cells (Bosch et al. 2009 ). Thus, flagellin may be a PAMP that is recognized by cnidarian LRR-containing proteins to initiate innate immune signaling. The involvement of a TLR/MyD88-dependent pathway in Hydra immunity is further supported by the findings that in vivo knockdown of a TIR-only protein reduced antimicrobial peptide production (Bosch et al. 2009 ) and that MyD88-deficient Hydra showed increased susceptibility to lethal infection with the bacterium Pseudomonas aeruginosa (Franzenburg et al. 2012) .
Cnidarian TLRs also appear to have roles in early development. Specifically, knockdown of Nv-TLR results in abnormal N. vectensis embryonic development (Brennan et al. 2017) . Nevertheless, the ligand or downstream signaling pathway responsible for this Nv-TLR-directed developmental program is not known as it is hypothesized to be independent of NFjB (Wolenski et al. 2013; Brennan et al. 2017 ). Overall, research to date suggests that cnidarian TLRs have roles in early embryonic development and NF-jB-dependent innate immune signaling (table 1) .
TLRs in Platyhelminthes and Rotifers Are Largely Uncharacterized
Turbellarians (phylum Platyhelminthes, genus Planaria) are useful models for studying tissue regeneration, however, their immune systems are largely unexplored (Peiris et al. 2014 ). Components of a simplified TLR-to-NF-jB signaling pathway have been identified in the fresh water planarian Schmidtea mediterranea, however, prototypical TLRs have not been found ( fig. 2B ) (Leulier and Lemaitre 2008; Forsthoefel et al. 2012; Peiris et al. 2014) . Schmidtea mediterranea does, however, have several LRR-only genes and TIR domain-only genes (table 1) (Peiris et al. 2014 ). During S. mediterranea head regeneration, it has been shown that transcripts for TLR-like proteins, MyD88, IRAK, and TRAF are upregulated, suggesting that a TLR-directed pathway is required for regeneration or for preventing infection during the regeneration process (table 1) (Peiris et al. 2014 ). Additionally, NF-jB likely has a role in S. mediterranea intestinal function due to its expression in intestinal phagocytes and because knockdown of NF-jB resulted in dissociation of intestinal tissues and ultimate lysis of S. mediterranea (Forsthoefel et al. 2012) . Nevertheless, no studies have directly characterized biological roles for TLR-like proteins and downstream NF-jB signaling in S. mediterranea.
The phylum Rotifera consists of aquatic microinvertebrates that primarily reproduce asexually (Flot et al. 2013; Weisse et al. 2013; Snell 2014) . Like turbellarians, the genome of the rotifer Adineta vaga has putative LRR-containing genes and TIR domain-containing genes, but no prototypical TLRs have been identified (table 1) (Flot et al. 2013) . In fact, to our knowledge no studies have characterized immune pathways, including NF-jB, or immune responses in rotifers.
Given that turbellarians and rotifers harbor separate LRRand TIR domain-only proteins, the recognition of and downstream signaling in response to microbes within these organisms may occur via the interaction of independent LRR and TIR domain proteins, similar to what is found in the cnidarian Hydra (Bosch et al. 2009 ). The apparent loss of TLRs and many downstream NF-jB signaling components in these organisms may be due to a loss of metazoan genes in turbellarians and rotifers (Gladyshev et al. 2008; Zarowiecki and Berriman 2015) . Unlike most metazoan genomes, rotifer genomes have also been subject to extensive horizontal gene transfer and have genes with bacterial, fungal, and plant origins (Gladyshev et al. 2008 ). The lack of immune studies in phyla Platyhelminthes and Rotifera provides exciting research opportunities for understanding how these organisms recognize and respond to microbes.
Nematode TLRs Direct NF-jB-Independent Developmental Programs
The phylum Nematoda consists of both parasitic and freeliving roundworms that inhabit a wide range of environments (Blaxter 2011) . To date, research on free-living nematodes has been dominated by genetic studies on the model organism Caenorhabditis elegans. C. elegans has genes encoding a prototypical mccTLR (TOL-1), a TIR-only protein, and several LRR-only proteins (Pujol et al. 2001; Pradel et al. 2007; Leulier and Lemaitre 2008; Irazoqui et al. 2010; Liu and Shen 2011; Mancuso et al. 2012; Gissendanner and Kelley 2013; Brandt and Ringstad 2015) . We also identified single mccTLRs in the genomes of the related nematodes Caenorhabditis briggsae, Caenorhabditis brenneri, and Caenorhabditis japonica (Stein et al. 2003; Coghlan et al. 2008; Harris et al. 2010) ; however, no studies have characterized the biological roles or downstream pathways of these TLRs (table 1) . Furthermore, phylogenetic analysis of the C. elegans, C. briggsae, C. brenneri, and C. japonica TLRs with TLRs from other phyla discussed in this review revealed clustering of the Caenorhabditis TLRs into nematode-specific branches and with mccTLRs from all other phyla ( fig. 3) . Thus, there is high TLR sequence conservation among Caenorhabditis TLRs.
The C. elegans genome has lost many TLR-to-NF-jB signaling pathway components including MyD88, IKK, and NFjB ( fig. 2B) (Pujol et al. 2001; Irazoqui et al. 2010) . Therefore, TOL-1 cannot direct NF-jB-dependent biological programs (Irazoqui et al. 2010) . TOL-1 is required for an early developmental program, and a deletion in the TOL-1 LRR region caused severe and lethal physical abnormalities (Pujol et al. 2001) . However, it is unclear what downstream pathways are activated by TOL-1 for these early developmental programs (Pujol et al. 2001; Irazoqui et al. 2010) . TOL-1 also has a role in immunity by promoting pathogen avoidance and the development and function of microbial metabolite-sensing Evolutionary Origins of Toll-like Receptor Signaling . doi:10.1093/molbev/msy050 neurons (BAG neurons) (Pujol et al. 2001; Pradel et al. 2007; Irazoqui et al. 2010; Brandt and Ringstad 2015) . Interestingly, C. elegans pathogen-avoidance behaviors rely on the proper function of BAG neurons to sense nearby pathogens, and it is hypothesized that a TOL-1-to-p38 MAPK pathway is responsible for BAG neuron function and development (Brandt and Ringstad 2015; Galbadage et al. 2016) . TOL-1 has also been implicated more directly in microbial defense in that C. elegans with a TIR domain mutant of TOL-1 were more susceptible to some bacterial infections and had reduced expression of an antimicrobial molecule (Pujol et al. 2001; Pradel et al. 2007; Tenor and Aballay 2008; Irazoqui et al. 2010; Rangan et al. 2016; Battisti et al. 2017) . Of note, no ligands for C. elegans TOL-1 signaling have been identified (Pujol et al. 2001; Tenor and Aballay 2008; Brandt and Ringstad 2015; ) .
Although studies in C. elegans have described roles for TOL-1 in development and neural function (table 1), the indirect immune role for TOL-1 clearly differs from those found in Drosophila and mammalian TLR-mediated innate immunity because TOL-1 does not signal to NF-jB (Pujol et al. 2001; Irazoqui et al. 2010; Brandt and Ringstad 2015) . In contrast, the TIR-only protein (TIR-1) is hypothesized to mediate C. elegans innate immunity through activation of MAPK signaling pathways and has been shown to promote resistance to pathogen infection by regulating antimicrobial peptide production (Couillault et al. 2004; Irazoqui et al. 2010) . Although information on other Caenorhabditis nematode TLRs is lacking, we hypothesize that their biological roles are similar to those found in C. elegans given their close phylogenetic relationships ( fig. 3 ).
TLR Gene Expansion in Mollusks
The phylum Mollusca comprises aquatic and terrestrial invertebrates including bivalves, cephalopods, and gastropods. In particular, bivalves (i.e., clams, scallops, and oysters) are sessile filter feeders that are constantly exposed to abiotic and biotic stressors, including parasites (Philipp et al. 2012; Zhang et al. 2015) . Compared with more basal phyla, many molluscan genomes exhibit an expansion of TLR-encoding genes of both sccTLR and mccTLR subtypes (table 1) (Philipp et al. 2012; Zhang et al. 2015; Ertl et al. 2016) . It is hypothesized that this expansion and divergence of TLRs contributes to molluscan immunity and their ability to adapt to stressors (Philipp et al. 2012; Zhang et al. 2015) .
This expansion of genes encoding prototypical TLRs is observed in the gastropod snail Biomphalaria glabrata, which encodes 25 sccTLRs and two mccTLRs (Adema et al. 2017) . Similarly, the Pacific oyster Crassostrea gigas has 83 TLR genes: four mccTLRs, five sccTLRs, and 74 TLRs that are variants of sccTLRs and mccTLRs (Zhang et al. 2015) . Four TIR-only proteins have also been identified in C. gigas (Zhang et al. 2015) . In the clam Cyclina sinensis, two sccTLRs have been identified (Ren et al. 2016) and in the scallop Chlamys farreri, a single mccTLR and several LRR-only proteins have been identified (Qiu et al. 2007; Wang et al. 2016; Wang et al. 2017) . Given the overall expansion of TLRs in mollusks, additional TLR genes are likely encoded by C. sinensis and C. farreri.
Phylogenetic analysis of select molluscan TLRs indicates that TLRs cluster based on their ectodomain subtype. That is, mccTLRs from C. gigas (Toll-1), C. farreri (Toll-1), and B. glabrata (TLR) cluster more similarly with mccTLRs found in cnidarians and nematodes than with sccTLRs from the mollusks C. gigas and C. sinensis ( fig. 3) . In fact, branching between the C. gigas sccTLRs and the C. sinensis TLR13 is not resolved, which may due be to low sequence divergence brought about during duplication of molluscan TLRs (fig. 3) . Interestingly, the B. glabrata sccTLR (TLR2) does not cluster with other molluscan sccTLRs, which may be due to an LRR N-terminal domain in B. glabrata TLR2 that is not found in other molluscan sccTLRs (fig. 3) . The B. glabrata TLR2 provides an example of a molluscan TLR that may have diverged during TLR gene expansion.
Molluscan TLR-to-NF-jB pathways are more complex than those in more basal phyla ( fig. 2B) Zhang et al. , 2013 Zhang et al. , 2015 Zhang and Coultas 2011; Philipp et al. 2012; Pila et al. 2016 Pila et al. , 2017 Ren et al. 2016 Ren et al. , 2017 Adema et al. 2017) . In fact, multiple homologs for TLR-to-NF-jB pathway intermediates have been identified in C. gigas, suggesting gene expansion of not only molluscan TLRs but also of downstream signaling components (Zhang et al. 2015) .
Roles for Molluscan TLRs in Immunity
Several studies have demonstrated that molluscan TLRs activate MyD88-dependent NF-jB signaling Zhang et al. 2013) . Specifically, the independent expression of four C. gigas sccTLRs in HEK293 cells was able to activate human NF-jB signaling, and this activation increased upon coexpression of the C. gigas MyD88 (Zhang et al. 2013) . Additionally, the TIR domain of the C. farreri mccTLR, CfToll-1, can interact with C. farreri MyD88 .
Molluscan TLRs also have roles in responses to pathogens. In particular, infection of C. gigas with the pathogenic bacterium Vibrio anguillarum induced the expression of the mccTLR Cg-Toll-1 ). In C. farreri, LPS treatment induced expression of Cf-Toll-1, Cf-MyD88, Cf-TRAF6, Cf-IjB, and Cf-NF-jB . Additionally, CfToll-1-deficient C. farreri were more susceptible to lethal infection with the bacterium Listonella anguillara ). Infection of a resilient strain of B. glabrata with the parasitic platyhelminth S. mansoni induced the expression of its mccTLR, Bg-TLR. Moreover, knockdown of Bg-TLR in infection-resistant B. glabrata rendered them more susceptible to S. mansoni infection (Pila et al. 2016 (Pila et al. , 2017 .
Molluscan TLRs and NF-jB pathway components are expressed in hemocytes, which are circulating phagocytic immune cells that detect and engulf parasites or pathogens Zhang et al. , 2013 McAnulty and Nyholm 2016; Pila et al. 2016 Pila et al. , 2017 Ren et al. 2016 Ren et al. , 2017 Adema et al. 2017 ). In B. glabrata, Bg-TLR is highly expressed in hemocytes, and knockdown of Bg-TLR impaired hemocyte phagocytic activity (Pila et al. 2016 (Pila et al. , 2017 . Treatment of C. gigas hemocytes with heat-inactivated Vibrio parahaemolyticus induced the expression of four sccTLRs (Zhang et al. , 2013 .
Studies also support a pathogen-responsive TLR-to-NF-jB pathway in the hemocytes of C. sinensis. Knockdown of C. sinensis TLR13 caused a decrease in expression of all other NF-jB pathway components in hemocytes (Ren et al. 2017) . Furthermore, infection of C. sinensis hemocytes with the pathogenic bacteria V. anguillarum or Micrococcus luteus induced the expression of C. sinensis TLR13, TLR4, MyD88, IRAK4, TRAF6, IKKa, IjB, and NFjB, and this transcriptional response to V. anguillarum or M. luteus was ablated upon knockdown of TLR13 (Ren et al. 2016 (Ren et al. , 2017 . TLR-dependent expression of NF-jB pathway components is also found in C. farreri where Cf-Toll-1 positively regulates the expression of numerous NF-jB pathway components in hemocytes . Interestingly, LRR-only genes have also been identified and characterized in C. farreri. Four C. farreri LRR-only genes were upregulated in hemocytes upon exposure to several pathogenic bacteria, including V. anguillarum, and several TLR ligands . Taken together, these studies indicate that molluscan hemocytes express TLR-to-NF-jB pathway components that are generally transcriptionally upregulated in response to pathogens.
Studies in C. farreri have also shown that molluscan TLRs can directly detect pathogens. That is, the Cf-Toll-1 ectodomain can be stimulated with numerous known TLR ligands [Pam3CSK4, b-glucan, peptidoglycan, poly (I:C), imiquimod, and CpG] to activate NF-jB signaling in human cells, indicating that this mccTLR directly detects MAMPs/PAMPs (Wang et al. 2015) . A C. farreri LRR-only protein has also been shown to bind LPS, PGN, beta-glucan, and poly (I:C) in biochemical assays . Thus, the ability of C. farreri to detect and respond to microbes is not limited to full-length TLRs.
Based on these studies, it is clear that molluscan TLRs are primarily expressed in hemocytes and have NF-jB-dependent roles in microbial detection and immunity (table 1) . However, TLRs might also have roles in molluscan development, as it has been reported that three C. gigas TLRs are upregulated during the gastrula and early trochophore stages of embryonic development (Zhang et al. 2015) . Further studies are required to elucidate the developmental roles of molluscan TLRs.
Annelid TLRs Have Roles in Neuroimmunity and Neurogenesis
The phylum Annelida consists of segmented worms and leeches that are models for neural regeneration; however, annelid neural repair and immunity may share common signaling components, including TLRs (Schikorski et al. 2009; Cuvillier-Hot et al. 2011; Rodet et al. 2015; Tasiemski and Salzet 2017) . One well-characterized annelid model organism is the medicinal leech Hirudo medicinalis, which encodes four TLRs, one of which is an sccTLR (Schikorski et al. 2009; Cuvillier-Hot et al. 2011; Tasiemski and Salzet 2017) . Sixteen TLRs have also been identified in the leech Helobdella robusta, eight of which are mccTLRs (Davidson et al. 2008 ), and we identified an sccTLR in H. robusta gene models (Simakov et al. 2013 ). In the polychaete worm Capitella capitata, gene duplication is hypothesized to be responsible for the 105 putative TLR-like protein homologs present in its genome (Davidson et al. 2008) . Among these 105 putative TLRs, C. capitata encodes 22 sccTLRs and a single mccTLR (Davidson et al. 2008 ). Phylogenetic analysis of an H. medicinalis sccTLR (Hm-TLR1) and an H. robusta sccTLR demonstrated phylum-specific clustering and clustering with sccTLRs in mollusks ( fig. 3) .
Annelid TLR-to-NF-jB pathways appear to be more complex than those found in most other basal phyla ( fig. 2B) , however, no studies have shown that annelid TLRs can act as activators of NF-jB (Schikorski et al. 2009; Macagno et al. 2010; Cuvillier-Hot et al. 2011; Rodet et al. 2015; Tasiemski and Salzet 2017) . Most functional studies on annelid TLRs have been performed using the H. medicinalis sccTLR, Hm-TLR1, which is expressed in neurons and microglial cells and has been shown to have a role in immunity (Schikorski et al. 2009; Cuvillier-Hot et al. 2011) . For example, exposure of H. medicinalis nerve cords to several bacterial molecules (including LPS) caused an increase in Hm-TLR1 expression in these nerve cords, and treatment of partially severed nerve cords with bacteria caused an accumulation of Hm-TLR1 protein at the lesion site during neuroregeneration (Schikorski et al. 2009; Cuvillier-Hot et al. 2011 ). Evidence suggests that the H. medicinalis neuronal response to LPS involves a MyD88-dependent pathway given that treatment of neurons with LPS induced Hm-MyD88 to immediately disperse from the plasma membrane (Rodet et al. 2015) . Interestingly, the regeneration of severed nerve cords occurs more rapidly in the presence of bacteria, which is hypothesized to be a result of Hm-TLR1 inducing the expression of the inflammatory cytokine p43/ EMAPII (Schikorski et al. 2009; Cuvillier-Hot et al. 2011) . Given what is known about Hm-TLR1, it is hypothesized that annelid TLRs are important for neural immunity to promote rapid neuroregeneration (table 1) (Schikorski et al. 2009; CuvillierHot et al. 2011; Rodet et al. 2015) .
Conclusions and Prospects
In this review, we have compiled information on the structures, phylogeny, expression, biological roles, and downstream signaling pathways of Toll-like receptors in basal phyla. Prototypical TLRs have not been identified in poriferans or in single-celled eukaryotes, including choanoflagellates (Song et al. 2012) . Our analyses indicate that prototypical TLRs first appeared as multiple cysteine cluster (mcc) TLRs within the phylum Cnidaria. Nevertheless, not all cnidarians have prototypical TLRs, and some cnidarians have separate LRR and TIR domain proteins that can interact to induce downstream signaling. As such, we hypothesize that prototypical TLRs emerged from the fusion of LRR and TIR domain-only genes. Moreover, it appears that mccTLRs are the primary TLR subtype from Cnidaria to Nematoda. With the expansion of TLR genes in Mollusca, we believe that sccTLRs likely emerged in mollusks. Consistent with this hypothesis, molluscan mccTLRs are more similar to mccTLRs in more ancestral phyla than they are to molluscan or annelid sccTLRs, Evolutionary Origins of Toll-like Receptor Signaling . doi:10.1093/molbev/msy050 supporting that ectodomain composition determines phylogenetic clustering (fig. 3) .
Drosophila and mammalian TLRs direct numerous biological processes, most notably for innate immunity and development. Specifically, the roles for the Drosophila Tolls in immunity, development, neurogenesis, and neural function are observed in TLRs in more basal organisms, indicating that these biological functions are conserved (table 1) . Evidence suggests that in Cnidaria and Porifera, TLRs have roles in both immunity and development. In nematodes, the lack of a direct immune function for TLRs may be due to loss of downstream NF-jB pathway genes in these organisms. In more derived phyla, such as mollusks and annelids, complex NFjB pathways and multiple TLRs with roles in immunity have been studied. Moreover, annelid TLRs have putative functions in neuroimmunity and neurogenesis, which are processes that are also directed by mammalian TLRs (Barak et al. 2014; Heiman et al. 2014) . It is important to note, however, that mollusk and annelid TLRs may also have developmental roles that have not yet been discovered. Several basal TLRs have been shown to activate NF-jB signaling, but mainly in reconstituted mammalian cell culture systems. Therefore, future studies should directly address whether TLR-to-NF-jB signaling occurs in animals in these basal phyla. Studies in cnidarians, mollusks, and annelids have shown that pathogen treatment increases the expression of genes in the TLR-to-NF-jB pathway, suggesting that some basal organisms respond to infection through transcriptional upregulation of innate immune pathways. This transcriptional upregulation of TLR-to-NF-jB pathway components in basal phyla differs from the rapid posttranscriptional nuclear translocation of NF-jB that occurs in response to pathogen activation of TLRs in flies and mammals.
Some evidence suggests that invertebrate TLR/LRR proteins (e.g., cnidarian) can detect bacterial flagellin and that some mollusk TLRs can detect multiple ligands. Nevertheless, it is still not generally known whether basal TLRs directly engage MAMPs/PAMPs, host-encoded ligands, or both for downstream signaling and biological effect. As such, the types of ligands that activate TLR-directed developmental and immune signaling pathways in basal phyla remain to be determined.
Further studies aimed at identifying the activating ligands of basal TLRs, as well as the involvement of these TLR-ligand interactions in both immune and nonimmune processes will provide important insights into organism-specific biology and the evolution of TLR structure, signaling, and function in more complex organisms. Moreover, such knowledge may be relevant to understanding diseases and environmentally induced changes in the physiology of important invertebrates (e.g., corals) or how some invertebrates (e.g., snails) provide havens for parasites that cause human disease.
Materials and Methods

Phylogenetic Analysis
For comparative analysis of full-length TLRs, we used the amino acid sequences of TLRs from S. domuncula, N. vectensis, O. faveolata, A. digitifera, A. millepora, C. elegans, C. japonica, C. brenneri, C. briggsae, B. glabrata, C. gigas, C. sinensis, C. (Sievers et al. 2011 ) was used to align the TLR sequence data set using default parameters, and phylogenetic comparison was performed using maximum likelihood analysis bootstrapped 1000 times using PAUP* and rooted with S. domuncula TLR (Swofford 2002 ).
Identification of TLR Subtype
For subtyping of TLRs not annotated in the literature, we analyzed the amino acid sequences of these TLRs for the number of cysteine clusters in their ectodomain using the LRRfinder program (http://www.lrrfinder.com/lrrfinder.php). This program identifies conserved leucine-rich repeats, leucine-rich repeat N-terminal domains (LRRNTs), and leucine-rich repeat C-terminal domains (LRRCTs) and their amino acid coordinates using position-specific scoring matrices. Single cysteine cluster TLRs were identified by the presence of only one LRRCT. Multiple cysteine cluster TLRs were identified by the presence of two LRRCTs, with one LRRCT interrupting the leucine-rich repeat region. Conserved LRRNT sequences were rarely identified in the TLRs surveyed. These amino acid sequences were then manually inspected for cysteine clusters within conserved LRRCTs.
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